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ARTICLE INFO ABSTRACT

Keywords: Plastic materials are ubiquitous, leading to constant human exposure to plastic additives such as plasticizers.
DINCH There is growing evidence that plasticizers may contribute to obesity due to their disruptive effects on meta-
MINCle_ di . bolism. Alternatives like diisononylcyclohexane-1,2-dicarboxylate (DINCH) are replacing traditional phthalates
gljzit; e disruption such as di-(2-ethylhexyl) phthalate (DEHP), which are now banned due to their proven harmful health effects.

While DINCH is considered a safer alternative to DEHP and no adipogenic effects have been demonstrated in in
vivo studies, recent research suggests that the primary metabolite, monoisononylcyclohexane-1,2-dicarboxylic
acid ester (MINCH), promotes adipocyte differentiation and dysfunction in vitro. However, metabolic and mo-
lecular effects are not fully understood in vivo.

Here, we performed a comprehensive in vivo analysis using C57BL/6N mice to investigate the effects of DINCH
on adipose tissue physiology and function. Mice were exposed to two doses of DINCH for 16 weeks, followed by a
10-week recovery period. Tissue analysis confirmed the presence of DINCH and MINCH in liver and adipose
tissue after treatment and recovery. After the recovery period, elevated DINCH concentrations in adipose tissue
depots indicated possible bioaccumulation. Although no changes were observed in body composition and energy
expenditure, sex-specific metabolic effects were identified. Female mice exhibited impaired whole-body insulin
sensitivity and higher triglyceride levels, while male mice showed an altered insulin/C-peptide ratio and elevated
cholesterol, HDL, and LDL levels. Proteomic profiling of serum, adipose and liver tissues revealed changes in
pathways related to central energy metabolism and immune response, highlighting the systemic impact of
DINCH, potentially on inflammatory processes. Most effects of DINCH, such as changes in insulin response and
serum lipid levels, were diminished after the recovery period.

Despite many findings consistent with the existing literature suggesting DINCH as a safer DEHP substitute, the
observed sex-specific effects on insulin sensitivity, lipid metabolism and inflammatory processes, as well as
potential bioaccumulation and long-term metabolic effects of DINCH exposure warrant careful consideration in
further risk assessment.

Adipose tissue

1. Introduction ubiquitous presence of plastic materials has prompted concerns about its
potential impact on human health (Meeker et al., 2009; Wright & Kelly,
Over the past decades, the exponential growth in production and 2017). This period has also witnessed a notable rise in the rates of people
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with overweight and obesity (NCD Risk Factor Collaboration, 2017).
Plastic additives, specifically plasticizers, have been identified as a po-
tential contributing factor to adipose tissue dysfunction, which may lead
to obesity and associated metabolic disorders (Harley et al., 2017;
Huang et al., 2014; Yaghjyan et al., 2015).

Plasticizers are essential components of plastic materials that
improve their flexibility, pliability, and elasticity, particularly in PVC
materials (Andrady & Neal, 2009). They are not covalently bound to the
polymer matrix and can readily migrate into the surrounding environ-
ment (Hahladakis et al., 2018). Consequently, humans are exposed to
plasticizers through various routes, including ingestion, dermal ab-
sorption, inhalation, and parenteral/intravenous exposure (Giovanoulis
et al., 2018; Stevens et al., 2024).

Among the plasticizers, phthalates are the most commonly used
group worldwide (Godwin, 2017). Several in vivo studies indicate that
mono-2-ethylhexyl phthalate (MEHP), the primary metabolite of the
prominent phthalate plasticizer di-2-ethylhexyl phthalate (DEHP), dis-
plays obesogenic properties (Biemann et al., 2021). These include the
promotion of weight gain, the alteration of adipokine or lipid levels in
serum (Hao et al., 2012; Kloting et al., 2015; Schmidt et al., 2012) and
impairment of insulin tolerance in mice (Kloting et al., 2015). Due to
their endocrine-disrupting properties, the use of DEHP and other
phthalates has been prohibited in the European Union (EU) for specific
applications since 1999 (European Commission (EC), 1999).

In the search for safer alternatives, non-phthalates such as
diisononyl-cyclohexane-1,2-dicarboxylate (DINCH) emerged as a po-
tential substitute for DEHP in plastic materials, particularly in everyday
consumer products like toys, medical devices, and food packaging
(Harmon & Otter, 2022; Kasper-Sonnenberg et al., 2019). Although
DINCH displays structural similarity to phthalates, approval studies
indicate more favorable toxicological properties (Furopean Food Safety
Authority (EFSA), 2006; Harmon & Otter, 2022). Still, it was shown that
the primary metabolite of DINCH, monoisononyl-cyclohexane-1,2-
dicarboxylic acid ester (MINCH), promotes adipocyte differentiation
and increases lipid accumulation in the rat stromal vascular fraction
(Campioli et al., 2017). Further studies in the human SGBS preadipocyte
cell line have demonstrated that MINCH induces adipogenesis by
altering the abundance of key enzymes and metabolites of the central
carbon metabolism towards de novo lipogenesis (Goerdeler et al., 2024;
Schaffert et al., 2022). The effects of MINCH are predominantly attrib-
uted to the activation of the nuclear receptor peroxisome proliferator-
activated receptor gamma (PPARG) (Goerdeler et al., 2024; Schaffert
et al., 2022; Useini et al., 2023), which is a central regulator of adipo-
genesis and adipocyte metabolism (Lefterova et al., 2014). Notably, the
effects of MINCH on preadipocytes observed in the in vitro studies
occurred primarily at micromolar concentrations (Campioli et al., 2017;
Goerdeler et al., 2024; Schaffert et al., 2021), which exceed current
exposure levels within the general population. However, effects on
mature human SGBS adipocytes, such as changes in adipokine secretion
and lipid metabolism, were already observed at low nanomolar con-
centrations (Schaffert et al., 2021), which are comparable to the con-
centrations of phthalate plasticizers found in human serum (Hogberg
et al., 2008; Specht et al., 2014).

In contrast to the in vitro studies, a comprehensive review of approval
studies conducted in Wistar rats found no evidence of changes in body
weight, altered lipid metabolism, or adipogenic properties associated
with Hexamoll® DINCH exposure (Langsch et al., 2018). These in vivo
studies were conducted according to The Organization for Economic
Cooperation and Development (OECD) guidelines, which are currently not
explicitly designed to identify potential metabolic disruptive properties
and effects on adipose tissue depots (visceral, subcutaneous, brown) or
adipokine secretion (e.g. leptin, adiponectin, monocyte chemoattractant
protein-1 (MCP-1)) (Braeuning et al., 2023). This knowledge gap high-
lights the necessity for comprehensive in vivo studies to fully assess the
physiological and functional consequences of DINCH exposure on adi-
pose tissue, including effects at the molecular scale.
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To investigate the metabolic and molecular effects of DINCH in vivo,
a diet-induced obesity (DIO) mouse model of C57BL/6N mice was
exposed to two doses of DINCH for 16 weeks, followed by a 10-week
recovery period to assess a potential reversal of effects. Exposure was
evaluated by determining the concentrations of DINCH, MINCH, and
their secondary metabolites in liver and adipose tissue depots. Metabolic
effects were characterized by analyzing body composition, whole-body
insulin sensitivity, and energy expenditure. The molecular effects of
DINCH were assessed through proteome profiling of liver and adipose
tissue depots, as well as serum proteomics and metabolomics analyses.
This study emphasizes the need to carefully incorporate molecular
profiles and their alterations to gain a comprehensive understanding of
the chemical modes of action that may play a role in metabolic diseases.

2. METHODS
2.1. Animal housing, handling and phenotypic characterization

All animal experiments were conducted in strict adherence to the
guidelines approved by the local authorities of the State of Saxony,
Germany, as recommended by the responsible animal ethics review
board (Regierungsprasidium Leipzig, TVV38/20, Germany). C57BL/6N
mice (RRID:IMSR_TAC:B6; Taconic Biosciences, USA) were bred and
housed under pathogen-free conditions, with 3-4 mice per cage, in the
SIKT — Sachsischer Inkubator fiir Klinische Translation (University of
Leipzig, Leipzig). The mice were maintained at a controlled ambient
temperature of 23 °C, with a 12-hour light/dark cycle. Throughout the
study, all mice had unrestricted access to both water and food.

The experimental groups consisted of mice that were fed either (1) a
standard chow diet (SD; V1534, 9 kJ% fat, Ssniff®, Germany) or (2) a
high-fat diet (HFD; containing 59 kJ% from fat; E15772-34, Ssniff®,
Germany) including two concentrations of 1,2-Cyclohexane dicarbox-
ylic acid diisononyl ester (DINCH, IUPAC Bis(7-methyloctyl) cyclo-
hexane-1,2-dicarboxylate, 95 %, CAS 166412-78-8, Article number
AB440048, abcr GmbH, Germany). The DINCH concentrations used
were (3) 4,500 ppm (LD) and (4) 15,000 ppm (HD) and were incorpo-
rated into the high-fat diet (HFD) by the feed provider, ssniff Spe-
zialdiaten GmbH (Soest, Germany). These doses were selected to be
comparable to the concentrations used in the metabolome study
described by Langsch et al. 2018, in which Wistar rats received DINCH at
a dietary concentration of 4,500 ppm and 15,000 ppm for 28 days. To
prevent lipid degradation through oxidation, the HFD pellets were
stored at —20 °C until use. The dietary intervention started at the age of
four weeks and continued for 16 weeks. The diet was provided to the
mice ad libitum, ensuring continuous availability throughout the
exposure period. In the following, the mice were divided into two
groups; one group underwent endpoint analysis (Treatment), while the
other group was subjected to a recovery period on a standard chow diet
for an additional 10 weeks (Recovery). The allocation of mice to
experimental groups was performed randomly at the age of 3 weeks,
ensuring that initial body weights were not statistically different among
the groups.

During the study period, body weight was assessed weekly. The
statistical analysis for identifying significant differences between the
diets was conducted using analysis of variance (ANOVA) and post-hoc
comparisons via Tukey’s Honest Significant Difference (HSD) for each
time point and sex. The weight loss associated with the recovery period
was calculated by subtracting the body weight at 30 weeks from the
body weight at 20 weeks, normalized to the body weight at 20 weeks.

Body composition analysis, specifically fat and lean mass, was
determined at 13, 16, 20 and 24 weeks of age using the EchoMRI700™
instrument (Echo Medical Systems, USA). Statistical analysis was per-
formed using ANOVA and post-hoc comparisons via Tukey’s HSD test to
identify significant differences in fat or lean mass per age and sex be-
tween the various diet groups.

For euthanasia, a lethal dose of isoflurane (Baxter Deutschland
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GmbH, Germany) was administered, followed by cardiac puncture to
collect serum samples for subsequent analysis. Mouse body weights, as
well as the weights of key organs, including the liver, visceral, subcu-
taneous, and brown adipose tissues, were recorded during euthanasia.
The organ weights were normalized to the overall body weight, and a
Kruskal-Wallis test followed by Dunn’s test was performed to identify
significant differences between the groups for each tissue, sex, and
subgroup (treatment and recovery). The organs were dissected and
promptly cryopreserved using liquid nitrogen.

2.2. Histological characterization

Adipose tissue samples were fixed at room temperature in 4 % zinc
formalin and subsequently embedded in paraffin. Sections of 10 pm
thickness were mounted on glass slides, deparaffinized in xylol, and
stained with hematoxylin (hematoxylin solution according to Gill II,
Carl Roth GmbH + Co. KG, Germany) and eosin (eosin Y solution 0.5 %
in water, Carl Roth GmbH + Co. KG, Germany). Liver tissues were
embedded in OCT Embedding Matrix (Cell Path Ltd, United Kingdom)
and frozen immediately.

A blinded analysis of the stained sections was conducted using a
Keyence BZ-X800 microscope and the accompanying Keyence BZ-X800
Analyze 1.1.1.8r software (KEYENCE DEUTSCHLAND GmbH, Neu-
Isenburg, Germany) to identify adipocytes and measure their size and
perimeter in multiple sections.

2.3. Metabolomics sample preparation

DINCH, MINCH, and the secondary metabolites were quantified in
the liver and adipose tissues by an adapted method described previously
(Goerdeler et al., 2024). Briefly, tissues were extracted by an MeOH/
chloroform/water (1:1:1) extraction. Each tissue was combined with
MeOH (—20 °C) and ice-cold H3O in a 1:1 ratio. Following lysis in a
tissue lyser (Qiagen, Germany) at a frequency of 30 ms for 10 min, an
equal amount of —20 °C cold chloroform was added, and the extraction
mixture was shaken at 1,400 rpm and 4 °C for 20 min. Samples were
centrifuged at 18,000 x g and 4 °C for 5 min, and 300 uL of the non-
polar fraction was collected and evaporated to complete dryness
(Concentrator plus, Eppendorf, Germany). The absolute tissue concen-
trations were approximated using an external calibration curve with
extracted tissues conditioned with DINCH, MINCH, and the secondary
metabolites. In detail, 50 mg of each tissue type (subcutaneous, visceral
and brown adipose and liver tissue from HFD animals) was incubated for
2 h with 50 pL of a standard mix with different concentrations (100
uM, 50 pM, 25 pM, 10 pM, 5 pM, 1 uM, 500 nM, 100 nM, 10 nM, and
1 nM) and subsequently extracted by the above mentioned MeOH/
chloroform/water (1:1:1) extraction. Quantification of the extracted
samples was performed after first dissolving in 35 uL MeOH per 50 mg
extracted tissue, then adding 35 pL HyO per 50 mg extracted tissue.
Mock extractions ruled out possible contamination by the extraction
procedure and the solvents (data not shown).

2.4. Metabolite data acquisition

For the targeted LC-MS/MS measurement, 10 pL of each sample was
injected into an Agilent 1290 II infinity UPLC system (Agilent Tech-
nologies Inc., USA) coupled online with a QTRAP® 6500 + system (AB
Sciex, USA). Separation was achieved by using a Chromolith® Perfor-
mance RP-18e column (2.0 x 100 mm, 1.5 pm, 130 A; Merck, Ger-
many) equipped with a Chromolith® RP-18e pre-column (2.0 x 5 mm;
Merck, Germany) and application of the following gradient of solvent A
(0.05 % formic acid in water) and solvent B (0.05 % formic acid in
acetonitrile): 0 — 1 min 20 % B (flow rate of 0.4 mL/min), 1 — 2.5 min
20-50 % B, 2.5-6.5 min 50 - 95 % B, 6.5 -10 min 95 % B (0.6 mL/
min flow rate), 10 — 11 min 95 -20 % B, and 11 — 13 min 20 % B (0.4
mL/min flow rate). The temperature of the autosampler and column
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oven were set to 8 °C and 40 °C, respectively.

Identification and quantification were based on a scheduled MRM
method measured in positive (DINCH) and negative (MINCH) ESI ioni-
zation switch-mode. The limit of detection (LOD) and the limit of
quantification (LOQ) for each analyte in the corresponding tissues were
determined using the blank value approach (Little, 2015) and are listed
in Supplemental Table 1. GraphPad Prism (v10.0, USA) and R (v4.05)
were used for visualization and statistical analysis. Normality assump-
tion of the data for performing ANOVA was assessed by using the
D’Agostino/Pearson, Anderson-Darling and Shapiro-Wilk test and
analyzing Q-Q plots of the residuals. As the Brown-Forsythe test indi-
cated a difference between the standard deviations of the groups, sig-
nificance was determined by Welch ANOVA followed by Dunnett’s T3
post-hoc test with separate analyses for female and male mice. If HFD
concentration values were below the LOD, a one-way t-test of the LD or
HD group against the LOD was performed. In groups with missing values
below the LOD, these values were imputed with a value equal to half of
the LOD.

This data is available at the NIH Common Fund’s National Metab-
olomics Data Repository (NMDR) website, the Metabolomics Work-
bench, https://www.metabolomicsworkbench.org, where it has been
assigned Project ID PR002076. The data can be accessed directly via its
Project at the Metabolomics Workbench: https://dx.https://doi.
org/10.21228/M88G1K.

2.5. Glucose and insulin tolerance tests

Intraperitoneal (ip) glucose tolerance tests (GTT) and insulin toler-
ance tests (ITT) were performed at the age of 12, 18 and 28 weeks as
described previously (Kloting et al., 2008). In brief, GTT was performed
after an overnight fasting period of 16 h by injecting 2 g/kg body weight
glucose and measuring the blood glucose levels after tail vein incision at
0 (baseline), 10, 30, 60, and 120 min after injection. ITT was performed
in random-fed animals by injecting 0.75 unit/kg body weight human
regular insulin (40 units Actrapid; Novo Nordisk, Denmark). Glucose
levels were determined in blood collected from the tail tip immediately
before and 15, 30, and 60 min after the intraperitoneal injection.

Data analysis was conducted to assess the impact of the diets on
blood sugar levels across different time points during the ITT and GTT,
considering variations by age and sex. For each unique combination of
these variables, a Welch ANOVA followed by Dunnett’s T3 post-hoc test
was performed to identify significant differences in blood sugar levels
between the various diet groups.

Furthermore, the area under the curve (AUC) has been calculated
using the trapez function from the pracma package version 2.4.4
(Borchers, 2023) in R version 4.4.0 (R Core Team, 2023). The statistical
significance of the results was calculated via ANOVA with Tukey’s HSD
as the post hoc test.

2.6. Quantification of serum adiponectin, leptin, insulin and C-peptide

Adiponectin, insulin, C-peptide and leptin levels were quantified in
mouse serum using the following ELISA kits according to the manufac-
turer’s instructions: Adiponectin Mouse ELISA (Adipogen Life Sciences,
Switzerland), Mouse Ultrasensitive Insulin ELISA (ALPCO, USA), Mouse
C-Peptide ELISA (ALPCO, USA), and Mouse/Rat Leptin Quantikine
ELISA Kit (R&D Systems Europe, UK). Insulin secretion capacity was
assessed using the insulin/C-peptide ratio to gain a better understanding
of endogenous insulin production. For adiponectin, insulin, C-peptide
and insulin/C-peptide ratio, ANOVA with Sidak post hoc was used for
each sex and subgroup (treatment and recovery) to calculate statistical
significance between groups. The Dunn test was used for leptin due to
very low p-values in the test for normal distribution with the Shapiro
test, especially in the female group.
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2.7. Lipid analysis

Serum lipids, including triglyceride, total cholesterol, high-density
lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL)
cholesterol, were quantified from the serum samples collected during
euthanization in the Institute of Laboratory Medicine, Clinical Chemis-
try and Molecular Diagnostics of University Leipzig (Germany). ANOVA
with Sidak post hoc was used to test for statistical significance between
groups for each measure, subgroup (treatment and recovery) and sex.

2.8. Triglyceride content of the liver

The triglyceride content of the liver was quantified in five randomly
selected samples per group using the Triglyceride-Glo™ Assay (Prom-
ega Corporation, USA), following the manufacturer’s instructions. In
summary, 25 mg of liver tissue was homogenized in 1 ml of phosphate-
buffered saline (PBS). The homogenate was diluted 1:100, and 25 pl of
the dilution was mixed 1:1 with glycerol lysis solution and/or without
lipase. The mixture was then incubated for 30 min at 30 °C while
shaking. Subsequently, 50 ul of glycerol detection reagent was added
and mixed manually. Following a 60-minute incubation period at room
temperature, the luminescence was quantified. The concentrations of
free and total glycerol were calculated using a standard curve. The tri-
glyceride content was calculated as the difference between the total and
free glycerol concentrations. ANOVA with post hoc Tukey HSD was
employed for each sex in the treatment and recovery phases to ascertain
the statistical significance between groups.

2.9. Metabolic characterization

Energy metabolism was analyzed by indirect calorimetry using the
CaloSys v2.1 metabolic chamber (TSE Systems, Germany). The mean
oxygen consumption, carbon dioxide production, energy expenditure
and spontaneous locomotor activity were recorded at 5-minute intervals
over 72 h. The body weight of the mice was also measured before and
after their time in the metabolic chamber. Subsequently, the mice were
permitted to recuperate for 48 h.

For energy expenditure (EE) and the respiratory exchange ratio
(RER), mean values were calculated for the diurnal (lightness > 50 %)
and nocturnal (lightness < 50 %) cycles, as well as for the total period.
The dataset was structured for statistical analysis by categorizing vari-
ables, including measurement type (EE or RER), cycle, and sex. For each
unique combination of these variables, a linear model was fitted with
diet as the primary independent variable (Speakman, 2013). Body
weight was used as a random intercept to account for variations among
mice and to determine its influence on EE and RER. Post-hoc compari-
sons were performed using Tukey’s HSD test to identify significant dif-
ferences among the different diet groups.

2.10. Serum proteomic analysis

Plasma samples were analyzed by the Core Facility Metabolomics
and Proteomics (CF-MPC) of the Helmholtz Munich (Germany) and the
Institute of Laboratory Medicine, Clinical Chemistry and Molecular Di-
agnostics of University Leipzig (Germany) using the Olink® Target 96
Mouse Exploratory panel while applying the proximity extension assay
technology. The resulting data was provided in Normalized Protein
eXpression (NPX) values.

A linear mixed model using Imer from Ime4 package version 1.1-35.3
(Bates et al., 2015) in R version 4.4.0 (R Core Team, 2023) was
employed for the statistical analysis, which aimed to elucidate the
impact of the diets on the biomarkers while accounting for potential
interactions with biological variables such as sex and subgroup (treat-
ment and recovery) differences across different proteins. The variability
due to differences between the laboratories was considered a random
factor in the overall analysis. To address the issue of multiple testing, the
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Bonferroni method was utilized. The significance threshold was 0.05,
with a regulation estimate of |0.5|.

2.11. Proteomic sample preparation and data acquisition

Subcutaneous, visceral and brown adipose, as well as liver tissues,
were lysed in urea buffer (20 mM HEPES pH 8.0 (Roth, Germany), 9 M
urea (Merck, Germany), 1 mM sodium orthovanadate (Sigma-Aldrich,
USA), 2.5 mM sodium pyrophosphate (Sigma-Aldrich, USA), 1 mM
p-glycerophosphate (Alfa Aesar, USA)) in a pre—cooled tissue lyser
(Qiagen, Germany) at a frequency of 30 ms for 5 min. Crude lysates
were incubated for 30 min, and cell debris was removed by centrifu-
gation at 16.000 x g and 10 °C for 15 min. The supernatants were
transferred to new tubes, and protein concentration was determined
using the Pierce™ 660 nm protein assay (Thermo Fisher Scientific,
USA) according to the manufacturer’s instructions.

20 pg protein per sample was reduced with 50 mM TCEP (Sigma-
Aldrich, USA) at 55 °C for 1 h, alkylated with 100 mM IAA for 30 min at
room temperature (RT) in the dark and proteolytically cleaved using
trypsin in a 1:40 (enzyme:protein) ratio at 37 °C overnight, applying a
paramagnetic bead approach. Tandem mass tag reagents (TMT10-
plexTM, Thermo Fisher Scientific, USA) were dissolved in ACN and
incubated with the peptides for 1 h at RT. The labelling reaction was
terminated with 5 % hydroxylamine and the different labels were
united. Labelled peptides were desalted on beads, eluted in two fractions
using 87 % ACN (v/v) with 10 mM ammonium formate at pH 10 for the
first and water with 2 % DMSO for the second fraction before peptide
fractions were dried completely using a SpeedVac concentrator
(Eppendorf, Germany).

All samples were analyzed in data-dependent acquisition on a setup
consisting of an Ultimate 3000 RS nano ultra-performance liquid chro-
matography system (Thermo Fisher Scientific, USA) coupled to a Q Ex-
active HF Hybrid Quadrupole Orbitrap mass spectrometer (Thermo
Fisher Scientific, USA) equipped with a TriVersa NanoMate system
(Advion, USA). Peptides were trapped on an Acclaim PepMap 100 C18
column, nanoViper, 3 pm, 75 um x 2 cm column (Thermo Fisher Sci-
entific, USA) and separated for analysis on an analytical reverse-phase
Acclaim PepMap 100 C18, nanoViper, 3 pm, 75 pm x 25 cm column
(Thermo Fisher Scientific, USA) at a flow rate of 0.3 pl/min. Peptides
were eluted over a 180 min three-step linear gradient starting at 4 %
solvent B (solvent A: 0.1 % FA in water; solvent B: 80 % ACN/0.1 % FA
in water), via 30 % B after 100 min, 55 % B after 140 min reaching 99 %
B after 155 min followed by flushing of the column for 5 min at 99 % B
and subsequent equilibration to initial conditions. Settings for the
acquisition of positive mode full MS scans were the following: scan
range of 350-1550 m/z, AGC target of 3 x 10° ions, resolution of
120,000 and a maxIT of 120 ms. The top 15 precursor ions were selected
for fragmentation, applying a 0.7 m/z isolation window and an NCE of
34 for CID fragmentation. Fragment ion spectra were recorded at the
following settings: resolution of 60,000, maxIT of 150 ms, AGC target of
1 x 10° and a dynamic exclusion of 45 sec.

2.12. Protein database searches and tissue proteomics data analysis

Proteome Discoverer (2.5.0.400, Thermo Fisher Scientific, USA) was
used to search raw files against the UniProtKB reference proteome of
Mus musculus (downloaded 24.05.2022, 55,315 entries). Carbamido-
methylation of cysteines (C) and TMT-labelling of lysines (K) were set as
fixed modifications, while oxidation of methionine (M) and N-terminal
acetylation and TMT-labelling were set as variable modifications. Two
missed tryptic cleavages were allowed. The false discovery rate (FDR)
for peptide and protein identifications was set to 0.01, using a target-
decoy approach with a reversed decoy database. Proteins were consid-
ered to be identified by at least two peptides, one of which is unique, and
the quantification was based on the intensities of all peptides. Only
proteins found in at least three (BAT) or five (VIS AT, SC AT, liver)



S. Krupka et al.

independent biological replicates were considered for further analysis.
The collected mass spectrometry proteomic data was deposited to the
ProteomeXchange Consortium via the PRIDE partner repository (Perez-
Riverol et al., 2019) with the dataset identifier PXD054970 and project
DOI https://doi.org/10.6019/PXD054970.

R v3.6.1 was used for statistical analysis according to the workflow
described for the R package proteomicsr version 1.0.0 (Karkossa, 2023).
TMT reporter intensities were corrected to the internal reference stan-
dard (a pool of all samples), and data was log, transformed. Mean in-
tensities were computed to calculate fold changes (FC) for different
dietary exposures. Significant changes were determined using a two-
sided students t-test. A gene set enrichment analysis of all differen-
tially abundant proteins (FDR < 0.05) was performed using the MSig
database (MSigDB, gsea-msigdb.org/gsea/msigdb/collections.jsp) with
the curated Reactome pathway database mouse gene sets for the
different conditions (Milacic et al., 2024).

2.13. Statistical analysis

All information regarding the statistical data evaluation can be found
in the respective figure legend. Generally, the data are presented as
mean =+ SD, if not stated otherwise and have been tested for normal
distribution using the D’Agostino/Pearson, Anderson-Darling and
Shapiro-Wilk tests, as well as Q-Q plots of the residuals. The compari-
sons considered included LD vs HFD, HD vs HFD and LD vs HD. As the
focus of this study was on analyzing the effects of the chemical treat-
ment, significant changes between SD and the HFD-diets (HFD, LD and
HD) were not displayed in the figures. When the data were not normally
distributed, a Kruskal-Wallis test with a Dunn post hoc test was
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conducted to ascertain the significance values between groups. When
the data were found to be normally distributed and exhibited equal
variance, initially tested by a Brown-Forsythe test, an ANOVA with a
Sidak post hoc test was conducted. If the data demonstrated no equal
variance, a Welch ANOVA followed by a Dunnett’s T3 post hoc test was
performed. In the case of metabolomic data, if the concentration values
for the HFD were below the LOD, a one-way t-tests of the LD and HD
groups were conducted with LOD serving as the control. The serum
proteome was analyzed using a linear mixed-effects model with a Bon-
ferroni correction for multiple testing, whereas the tissue proteome was
analyzed using a two-sided Student’s t-test. All analysis has been per-
formed separately for both sexes and dietary phases (treatment/
recovery).

3. Results

3.1. Dietary intake of DINCH does not affect body weight and adipose
tissue distribution in C57BL/6N mice

Mice were fed high-fat diets containing two doses of DINCH (low
dose: LD 4,500 ppm; high dose: HD 15,000 ppm) for 16 weeks of
treatment following 10 weeks of recovery (Fig. 1A). Weekly weight
measurements during the treatment and recovery phase confirmed the
efficacy of the high-fat diet (HFD) in female and male mice (Fig. 1B and
C) by significantly increased bodyweight at age of 20 weeks (Supple-
mental Table 11). Since this study focused on analyzing the effects of the
chemical treatment, other significant changes between SD and the HFD-
diets are not displayed in the following figures.

A significant difference in body weight between the DINCH diets was
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not observed at the endpoints at ages 20 and 30 weeks, except for the HD
to HFD comparison at age 30 weeks. Mice receiving DINCH-containing
HFD showed overall lower body weights compared to HFD, however
this was not significant (Fig. 1B and C). Notably, this trend was more
prominent in males (Fig. 1C) than in females (Fig. 1B). During the re-
covery phase a trend of weight loss emerged in the HFD, LD and HD fed
male mice, which was most pronounced for the HFD subgroup (Fig. 1C).
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The male LD and HD groups showed a lower weight loss response during
recovery SD feeding (Fig. 1C). The fat and lean mass were quantified by
EchoMRI measurement at the ages of 13, 16, 20 (treatment phase) and
24 (recovery phase) weeks (Supplemental Fig. 1). However, the inges-
tion of DINCH did not elicit any discernible effects.

To further assess potential effects of the diets on the body composi-
tion, the relative weights of the liver and three adipose tissue depots
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(visceral, subcutaneous and brown) were analyzed.

The ingestion of DINCH did not result in any significant alterations in
the relative organ weights of SC AT, VIS AT, or BAT in either sex (Fig. 2).
However, an increase was observed in the liver of LD-fed female and HD-
fed male animals at 20 weeks of age (Fig. 2A). During the recovery
phase, no significant effects of DINCH in the relative organ weights were
discerned in either sex (Fig. 2B). Analysis of the ratio of subcutaneous to
visceral adipose tissue showed a significant reduction in the LD group of
males (Fig. 2C), which was due to a non-significant increase in VIS AT

and a decrease in SC AT by the DINCH diet.
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A histological analysis of VIS and SC AT revealed alterations in
adipocyte area in response to DINCH feeding (Fig. 2D and E). In SC AT
the effect of DINCH were concentration-dependent in males, whereas no
effects were observed in females. In VIS AT, dietary DINCH exposure
significantly increased adipocyte area in both sexes, irrespective of
concentration (Fig. 2D). Following the recovery period (Fig. 2E),
adipocyte area was significantly increased in males in the HFD-fed group
compared to the treatment phase in both SC AT and VIS AT. In contrast,
adipocyte areas after recovery were significantly reduced in DINCH-
treated female and male mice and were lower compared to the HFD-
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Fig. 3. Analysis of concentrations of DINCH and MINCH in adipose tissues and liver. Analysis of exposure concentrations of DINCH and MINCH in mice tissues. (A)
General overview of the biotransformation of DINCH to MINCH, the secondary metabolites OH-MINCH, cx-MINCH, oxo-MINCH and CHDA (scheme adapted from
Schiitze et al. (2012)). (B) Concentrations of DINCH measured in the liver, VIS AT, SC AT and BAT of mice after 16 weeks of feeding with HFD containing DINCH
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fed group (Fig. 2D and E).

3.2. DINCH and MINCH reach adipose and liver tissues with levels being
partially retained during recovery period

To determine the consequences of dietary DINCH exposure, we
evaluated the distribution of DINCH and its metabolites in different
tissues. The concentrations of DINCH, MINCH and the secondary me-
tabolites OH-MINCH, oxo-MINCH and cx-MINCH were measured in the
liver and three adipose depots (VIS AT, SC AT, BAT) of the treatment
(Treatment) and recovery group (Recovery) in male and female mice
(Fig. 3A and Supplemental Fig. 2). The concentration levels were
compared to those of mice fed with HFD alone. To relate the measured
concentrations to the amount of feed ingested, feed intake was quanti-
fied in the metabolic chamber (data not shown). However, due to
methodological problems in the measurement of feed intake, which
resulted in considerable deviations in the measurement these data could
not be used.

After treatment, DINCH was detected at the highest concentrations in
all tissues in both females and males (10.7 — 31.4 nmol/g HD; Fig. 3B),
followed by MINCH (0.14 - 6.4 nmol/g HD; Fig. 3C). The secondary
metabolites were found in the liver at similar (OH-MINCH) or 5-fold
lower concentrations (oxo-MINCH and cx-MINCH) compared to
MINCH, and only traces were found in the various adipose depots
(Supplemental Fig. 2). In general, the concentrations of DINCH, MINCH
and secondary metabolites showed high inter- and intra-individual
variability within the measured tissues in both females and males
(Fig. 3B and C, Supplemental Fig. 2).

The concentrations of DINCH did not differ significantly between the
tissues. However, there was a trend towards higher concentrations in

A
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VIS AT and liver compared to SC AT and BAT, particularly in the low
dose exposure group (Supplemental Fig. 3). In contrast to DINCH,
MINCH concentrations were higher in liver than in adipose tissue depots
(Supplemental Fig. 3). Interestingly, MINCH concentrations were higher
in females than males, especially in the HD group of BAT (females HD
4.5 nmol/g; males HD 0.15 nmol/g; Fig. 3C and Supplemental Fig. 3).
After recovery, DINCH concentrations were notably reduced in the liver
and BAT (111-fold and 9-fold, respectively), but not in the VIS AT and SC
AT (Fig. 3B; Supplemental Fig. 3 and 5). In contrast, the concentrations
of MINCH and the secondary metabolites were reduced to trace levels in
all tissues after the recovery phase (Fig. 3C, Supplemental Figs. 2, 3 and
4).

3.3. Dietary DINCH uptake affects insulin sensitivity but not glucose
tolerance in a sex-specific manner

To identify early alterations of insulin sensitivity or glucose tolerance
induced by DINCH in HFD, we performed intraperitoneal insulin and
glucose tolerance tests (ip. ITT and GTT) in 18-week-old mice during
treatment, and in 28-week-old mice to assess the recovery phase (Fig. 4).

Under high-fat conditions with DINCH during treatment phase, fe-
male mice exhibited impaired insulin sensitivity at the whole-body level
(Fig. 4A) compared to high-fat fed control animals. No differences could
be detected in the 18-weeks old males (Fig. 4B, Treatment), where all
animals showed insulin resistance regardless of the feeding. In the re-
covery phase, impaired insulin sensitivity was reversed in all female
groups except the HFD group (Fig. 4A). Males, on the other hand,
showed a slight improvement in insulin sensitivity during recovery
phase (Fig. 4B). Interestingly, glucose tolerance did not differ in the
females during treatment period (Fig. 4C).
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Fig. 4. Glucose and insulin tolerance. For the insulin tolerance test (ITT), blood glucose levels were monitored for 60 min and normalized to the initial blood
glucose level at t = 0 at during treatment (18 weeks) and recovery (28 weeks) in (A) female and (B) male mice. For the glucose tolerance test (GTT), blood glucose
levels were monitored for 120 min at treatment (18 weeks) and recovery (28 weeks) weeks in (C) female and (D) male animals (n = 5-21). Statistical analysis was
conducted for each time point between the HFD groups using Brown-Forsythe and Welch ANOVA tests. Significant changes between SD vs HFD are not displayed. p
values are indicated for LD and HD compared to HFD as *p < 0.05, **p < 0.01, ***p < 0.001.
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In males, glucose tolerance was slightly impaired in HFD animals
(Fig. 4D), as can be seen from the 15- and 30-minute time point. At 30
min, the curve did not flatten, indicating impaired glucose tolerance.
This glucose intolerance was reversible in the recovery phase (Fig. 4D).

To complete the analysis and quantify the overall response, area
under the curve values were calculated, that did not indicate significant
differences (Supplemental Fig. 6).
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3.4. Dietary DINCH exposure affects serum insulin, adipokines and lipid
profile

To comprehensively understand the metabolic and endocrine effects
of DINCH exposure during HFD, we measured serum concentrations of
insulin and C-peptide, as well as adipokines, such as adiponectin and
leptin. During the treatment period, no effect was observed for HFD
containing DINCH compared to control HFD. Following the recovery
period, there was a notable decline in insulin levels of LD and HD female
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Fig. 5. Serum insulin, C-peptide, adipokine and lipid analysis. (A) Insulin, (B) C-peptide, (C) the ratio between insulin and C-peptide for endogenous insulin
production, (D) adiponectin, (E) leptin, (F) Triglycerides (TGA), (G) overall cholesterol, (H) high-density lipoprotein (HDL) and (I) low-density lipoprotein (LDL)
levels were measured in females and males after treatment and after recovery. Statistical significance between groups was calculated using an ANOVA with Sidak post

hoc test and p values are indicated as * p < 0.05, **p < 0.01,
with whiskers indicating minimum and maximum datapoints.

* p < 0.001. Significant changes between SD vs HFD are not displayed. Data is presented as median
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animals in relation to the HFD. In males, insulin serum levels were
increased in DINCH exposed HD-fed animals. C-peptide levels (Fig. 5B)
exhibited a comparable pattern to insulin in females, with notable re-
ductions in the LD compared to the HFD group. This was maintained
throughout the recovery phase, with significance observed between the
LD and HD compared to HFD-fed animals. In males, no significant effect
of DINCH was observed. To gain a deeper insight into endogenous

A B
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insulin production, the insulin/C-peptide quotient was assessed
(Fig. 5C). While no significant effect was observed in females during the
treatment period, male HD mice exhibited an increased quotient in
relation to HFD-fed mice. Following recovery, no significant effects were
observed in either sex due to dietary DINCH exposure.

To assess possible imbalances in lipid metabolism, the concentration
of triglycerides (TGA), cholesterol, high-density lipoprotein (HDL), and
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Fig. 6. Overview about the tissue proteome datasets. (A) Schematic overview of the tissues analyzed. Analyzed were visceral (VIS AT), subcutaneous (SC AT) and
brown adipose tissue (BAT) as well as liver tissue. (B) Sample sizes are indicated by tissue, with subgrouping by sex (male/female, inner circle), group (treatment/
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low-density lipoprotein (LDL) was quantified in serum samples (Fig. 5F
to I). In general, the lipid profiles exhibited a sexual dimorphism. DINCH
treatment resulted in elevated levels of total, HDL—, and LDL—cholesterol
in males (Fig. 5G to I), with these levels returning to initial levels during
the recovery period. In females, circulating triglycerides were elevated
in the LD group, while trends are reversible following the recovery phase
(Fig. 5F). The overall cholesterol levels, as well as those of HDL and LDL,
were not affected by the DINCH diet in females (Fig. 5G to I). In
conclusion, the administration of DINCH has been demonstrated to exert
a sex-specific influence on circulating lipids. The measurement of tri-
glycerides in the liver did not indicate any notable effect of DINCH
exposure (Supplemental Fig. 7).

3.5. Metabolic characteristics of DINCH fed animals do not differ from
HFD control mice

To assess the effects of DINCH on metabolism, a basal metabolic rate
measurement was carried out for 72 h in a metabolic chamber before
euthanasia. The characterization of metabolic responses in a metabolic
chamber represents a fundamental aspect of obesity research (Jéquier,
1989; Miiller et al., 2016), as it enables the precise measurement of
energy expenditure (EE) and the respiratory exchange ratio (RER). As a
value for the total energy requirement of an organism, EE provides in-
formation on the effects of nutritional measures on the energy balance.
The RER, defined as the ratio of carbon dioxide produced to oxygen
consumed, reflects the predominant substrate being oxidized. Values
closer to 0.7 suggest fat oxidation, while around 1.0 indicate carbohy-
drate oxidation (Ferrannini, 1988). Our findings demonstrate that RER
was, significantly decreased some in some HFD-fed subgroups
compared to SD-fed mice (Supplemental Fig. 8), but DINCH showed no
significant effects. After the 10-week recovery phase, the HFD-based
diets approach SD fed animals.

Similarly, EE was higher in HFD-than in SD (Supplemental Fig. 9),
but again there were no significant effects of the DINCH diets. After the
recovery period, the EE values of LD, HD and HFD approached the EE
values of SD in females and in males (Supplemental Fig. 9).

3.6. Tissue and serum proteome profiles are affected by DINCH exposure
and display changes in energy metabolism and immune response

For a comprehensive analysis of the tissue proteomes following di-
etary DINCH exposure, brown, subcutaneous and visceral adipose tis-
sues (BAT, SC AT, VIS AT) as well as liver tissues were collected
(Fig. 6A). Group sizes differed slightly due to limited sample availability
or exclusion, resulting in overall n = 107 BAT, n = 139 SC AT, n = 129
VIS AT and n = 140 liver samples with subgroup sizes of n = 3 ton = 12
(Outer shell, Fig. 6B). We used a quantitative proteomics approach to
analyze group-specific alterations in protein signatures from 4032 pro-
teins that were reliably identified across all tissues in at least five rep-
licates per experimental group for SC AT, VIS AT and liver, and at least
three replicates for BAT samples due to the lower overall sample size. A
hierarchical clustering and dimensionality reduction by principal
component analysis (PCA) of all reliably quantified proteins per tissue
showed a limited grouping of the experimental conditions (Fig. 6C and
Supplemental Fig. 10). Main drivers behind the clustering were the
sample origin in terms of group (treatment or recovery) and sex (female
or male). Comparable numbers of proteins were detected in the four
different tissues, with the largest set represented by 3,006 liver proteins
followed by 2,769 BAT, 2,643 SC AT and 2,491 VIS AT proteins, and
comparable numbers that remained for downstream analysis (Fig. 6D
and E). A core of 1625 proteins was common to all tissues, while the liver
proteome showed most unique proteins alongside and more overlapping
proteins were found between the three adipose depots (Fig. 6E).

Comparing the tissues of lower (LD) and higher (HD) dose exposed
mice to control HFD fed mice tissues, the proteome signatures of BAT, SC
AT, VIS AT, and liver tissues showed mild changes with a low percentage
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of proteins displaying significantly altered abundances upon exposure
(Fig. 7A). A pathway enrichment based on all proteins with a statistical
change in abundance after DINCH treatment using the Reactome gene
sets of the Molecular Signatures Database (MSigDB) indicated the
involvement of pathways related to translation (translation, regulation of
expression of SLITs and ROBOs), intermediary metabolism (metabolism of
amino acids and derivatives, TCA cycle and respiratory electron transport
ATP synthesis) and immune response (CTLA4 inhibitory signalling,
neutrophil degranulation) in female and male BAT, mostly consistent in
both treatment groups (Fig. 7B). Enriched regulatory pathways in SC
and VIS AT of female and male mice comprised primarily pathways of
the central energy and lipid metabolism (metabolism of amino acids and
derivatives, fatty acid, branched-chain amino acid and triglyceride meta-
bolism, TCA cycle and respiratory electron transport), cellular stress (DNA
damage telomere stress induced senescence, base excision repair AP site
formation, defective intrinsic pathways for apoptosis) as well as immune
responses (interleukin 12 signalling). Specifically, in VIS AT from male
mice pathways related to DNA and mRNA processing (DNA methylation,
mRNA splicing) also appeared enriched. Liver tissues from female mice
were enriched for mitochondria-associated central metabolism (TCA
cycle and respiratory electron transport ATP synthesis, fatty acid metabolism,
CHREBP metabolic gene expression, cristae formation), while those of male
mice showed enriched pathways that are primarily associated with
phase I drug metabolism (xenobiotics, phase I functionalization of com-
pounds, cytochrome P450 arranged by substrate type) (Fig. 7B; see Sup-
plemental Fig. 11 to 12).

In addition to the tissue proteomes, we analyzed the serum proteome
using an Olink® Target 96 Mouse Exploratory panel. Except for the
subgroup female HD, the analysis indicated candidates with signifi-
cantly altered abundance and a log2 (fold change) above +/- 0.5 in all
exposure groups (Fig. 7C). Candidates that were consistently found in at
least two different treatment groups were interleukin-1 alpha (Il1a),
C-C motif chemokine 3 (Ccl3), transforming growth factor beta-1
(Tgfbl) (downregulated) and interleukin-17A (Il117a, upregulated)
(Fig. 7C). Except for Tgfb1, which usually originates from adipose tissue,
Il1a, I117a, and Ccl3 are pro-inflammatory and chemotactic cytokines of
the immune system. An assignment of all proteins, with a log2 (fold
change) above +/- 0.5, further considered regulated upon DINCH
exposure, to their tissue or system of origin, indicates the immune sys-
tem as the primary origin of altered proteins, followed by adipose tissue,
endocrine system, lung and non-specific origins (Fig. 7D).

4. Discussion

Previous in vitro studies have demonstrated that the DINCH metab-
olite MINCH activates PPARy, thereby inducing adipocyte differentia-
tion and lipid accumulation, but also adipocyte dysfunction (Goerdeler
etal., 2024; Schaffert et al., 2022; Useini et al., 2023). In contrast, in vivo
rat studies did not reveal changes in body weight or lipid metabolism in
response to DINCH exposure (Langsch et al., 2018). However, these
studies did not assess organ-specific metabolic disruptions, such as fat
depot distribution or adipokine secretion.

Here, we examined how DINCH affects metabolic and molecular
alterations in vivo in a diet-induced obesity mouse model. Two doses of
DINCH were administered to C57BL/6N mice for 16 weeks, after which
a 10-week recovery period was allowed. After sixteen weeks of treat-
ment, DINCH was detected in liver and adipose tissue and at the highest
concentrations compared to the metabolites in C57BL/6 mice (Fig. 3B),
confirming that it reached the tissue depots. Analysis of the metabolites
in the treatment group showed that MINCH, besides OH-MINCH, was
the predominant metabolite in the liver and the only metabolite in ad-
ipose tissue (Fig. 3C, Supplemental Fig. 2). A comparison of these tissue
concentrations to existing data is difficult, as detailed concentrations of
DINCH and the metabolites in liver and fat depots have not been re-
ported yet. In approval studies, MINCH and the glucuronide of MINCH
were similarly detected as primary metabolites in the feces and bile of
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Wistar rats, respectively, but not in the urine (Bhat et al., 2014; Euro-
pean Food Safety Authority (EFSA), 2006).

The analysis of tissue concentrations after the recovery period
showed a substantial reduction of MINCH and the secondary metabolites
to trace levels (Fig. 3C, Supplemental Fig. 2,4 and 5). For DINCH, a
strong reduction of concentrations in the liver and BAT was observed,
but no reduction in VIS AT and SC AT (Fig. 3B and Supplemental Fig. 4
and 5). This suggests potential bioaccumulation in these adipose tissue
depots. Although approval studies showed a longer half-life in adipose
tissue compared to liver and plasma after administration of 20 mg/kg
body weight or 1,000 mg/kg body weight of radiolabeled DINCH to
Wistar rats, no bioaccumulation was observed (Bhat et al., 2014;
Langsch et al., 2018). Similarly, analysis of the metabolism of DINCH in
humans after a single dose indicates rapid metabolism and excretion of
DINCH (Koch et al., 2013). Notably, the concentrations of DINCH in
these studies were determined after a single oral administration. In
contrast, we analyzed the concentrations sixteen weeks after dietary
exposure to DINCH. This is particularly relevant as other experiments in
mice showed that after repeated exposure to the polybrominated
diphenyl ether BDE 47, higher concentrations were observed in adipose
tissue than after a single exposure (Staskal et al., 2006). Although the
DINCH concentrations used in our experiment fall within the range of
doses used in toxicokinetic studies with Wistar rats, they are relatively
high and meet or exceed the NOAEL determined in the 13-week study
performed according to OECD guideline 408 (1,500 ppm or 107 mg/
kg bw/d for males and 4,500 ppm or 389 mg/kg bw/d for females;
EFSA derived NOAEL 100 mg/kg bw/d) (Bhat et al., 2014; Anses (on
behalf FR-MSCA), 2016).Consequently, no conclusions about the bio-
accumulation potential at lower DINCH doses can be drawn, underlining
the need for further evaluation of the bioaccumulation potential of
DINCH, but also other phthalate alternatives. In particular, concentra-
tions of DINCH and its metabolites in human serum are lacking, which
could help to improve existing physiologically based pharmacokinetic
(PBPK) models to better approximate human tissue concentrations
(McNally et al., 2019).

With evidence that DINCH is deposited in tissue, further phenotypic
characteristics were subsequently examined. A notable sex difference in
body weight gain was observed in response to the HFD, with females
demonstrating a smaller increase in body weight compared to males
(Fig. 1B and C). This finding is consistent with the existing literature,
which shows sex-specific differences in response to a high-fat diet in
Sprague-Dawley rats and C57BL/6 mice, likely due to variations in
metabolic and hormonal responses (Maric et al., 2022; Yang et al.,
2014). Male mice on DINCH diets exhibited a slightly reduced weight
gain compared to those on the control HFD diet (Main Supplemental
File). Despite the potential expectation of weight gain due to the
PPARy-activating properties of the primary DINCH metabolite MINCH,
which is well described for increased adipogenesis and lipid accumu-
lation in in vitro models (Bereketoglu et al., 2024; Campioli et al., 2017;
Goerdeler et al., 2024; Schaffert et al., 2022), this increase did not occur
in vivo. Furthermore, there was no alteration in the distribution of lean
and adipose tissue mass, nor specific fat depots such as subcutaneous,
visceral, and brown adipose tissue (Fig. 2, Supplemental Fig. 1). A sig-
nificant increase in relative liver content was observed in female mice
due to the LD diet (Fig. 2A), which is consistent with previous findings in
female rats showing even a doubling of liver weight after exposure to
DINCH (Bhat et al., 2014), applying the same concentration range as in
our study. Although no impact of DINCH on body weight gain compared
to HFD-feeding was observed, adipocyte areas suggest that DINCH
exposure increased adipocyte size in SC and VIS AT in both sexes
(Fig. 2D). This may be attributed to alterations in lipid metabolism,
increased oxidative stress and stiffening of the extracellular matrix
(ECM), possibly indicating an induction of AT hypertrophy, as hypoth-
esized previously (Schaffert et al., 2022). The reduced weight loss and
adipocyte size after the recovery phase in male animals (Fig. 1C and 2E)
may be attributed to increased hyperplasia and the development of new
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adipocytes from progenitors, thereby collectively maintaining the fat
mass. In male animals, a potential shift may occur from hypertrophy
(enlargement of existing adipocytes) to hyperplasia during the recovery
period following dietary DINCH exposure. This process involves the
differentiation of preadipocytes into mature adipocytes, driven by
transcription factors such as PPARy and C/EBP (Lehrke & Lazar, 2005;
Rosen et al., 2002; Wu et al., 1999). It is typically assumed that the
recruitment of adipose precursor cells primarily occurs during adoles-
cence in humans (Spalding et al., 2008) and mice (Kim et al., 2014), and
could thus be disturbed by chronic DINCH exposure. Further analyses,
such as adipocyte size distribution using osmium-teroxide (Pietka &
Abumrad, 2023), would provide a more comprehensive and reliable
understanding of adipocyte number and adipocyte size distribution per
gram of adipose tissue to confirm the proposed theory.

The administration of DINCH resulted in altered insulin sensitivity,
as measured by an intraperitoneal insulin tolerance test, in female
C57BL/6 mice (Fig. 4A). Similarly, the precursor plasticizer DEHP was
observed to alter insulin tolerance in female 12956 mice but not in males
(Kloting et al., 2015). After the recovery period, during which mice were
switched to a standard diet without DINCH, insulin sensitivity
improved. Interestingly, DINCH exposed female mice showed a better
recovery in insulin sensitivity compared to the HFD control group.
Although the underlying mechanism is not yet understood, this obser-
vation suggests potential sex-specific effects that warrant further
investigation. Additional measurements of insulin and C-peptide levels
(Fig. 5A and B) and the insulin/C-peptide ratio (Fig. 5C) demonstrated a
significant increase in male mice treated with the HD diet. Insulin and C-
peptide are secreted from beta cells (p cells) in an equimolar ratio (Chen
et al., 2023). In contrast to insulin, the liver does not extract C-peptide
(Masharani & German, 2011). During the initial passage through the
liver, up to 90 % of the secreted insulin is metabolized, while approxi-
mately 80 % of C-peptide is eliminated through the kidneys (Bonser
et al., 1984; Zavaroni et al., 1987).The pre-existing insulin resistance in
the HFD control group of male mice precluded the determination of any
effect of DINCH (Fig. 4B). However, the significant increase in the
insulin/C-peptide ratio between HD and HFD (Fig. 5C), suggests a
possible increase in insulin resistance also in male mice.

In mature SGBS cells, exposure to 10 nM DINCH and MINCH
significantly decreased adiponectin secretion while increasing leptin
secretion (Schaffert et al., 2022). The serum adipokine levels in our in
vivo model of diet-induced obesity did not show the same profiles
(Fig. 5D and E). Despite the increase in adipocyte area, there was no
significant change in body weight gain or in tissue weights of SC and VIS
AT. This discrepancy may be attributed to the absence of the anticipated
decrease in adiponectin and an increase in leptin levels, as observed in
vitro (Schaffert et al., 2022).

The circulating lipid profiles exhibited a sexual dimorphism (Fig. 5F
to I). The DINCH treatment resulted in elevated total cholesterol, HDL-,
and LDL-cholesterol levels in male mice. In female mice, circulating
triglycerides were elevated in the low DINCH group only (Fig. 5F).
Exposure to DEHP has been linked to elevated levels of total serum
cholesterol, non-HDL-cholesterol, and LDL-cholesterol in pregnant
women (Minguez-Alarcon et al., 2022). Conversely, metabolites of
DINCH have been associated with reduced levels of serum HDL
cholesterol (Minguez-Alarcon et al., 2022). These findings contrast those
of an earlier analysis, which did not find the effects of DINCH on rat
serum cholesterol and triglycerides (Langsch et al., 2018). The robust
correlation between lipoprotein modifications and insulin resistance
underscores the potential metabolic hazards associated with DINCH
exposure (Kannel, 1985; Manley, 1997).

Taken together, DINCH impacts insulin tolerance, as evidenced by
alterations in the insulin/C-peptide ratio and ITT data (Fig. 4A/B and
5C). A notable disparity between the sexes was evident in all measure-
ments. In light of these findings, further investigation into the sex-
specific effects of DINCH on lipid metabolism and insulin resistance is
warranted. This would be of particular interest also under SD baseline



S. Krupka et al.

conditions as hormonal and metabolic differences could influence its
absorption and effects. We propose exploring these questions in future
research to enhance our understanding of DINCH’s impact across
different dietary and physiological conditions.

In general, dietary DINCH exposure led to a relatively small pro-
portion of proteins with significant changes in abundance in serum and
the tissues analyzed (Fig. 7A and C). This is consistent with the concept
of DINCH being a safe DEHP substitute with more favorable toxicolog-
ical characteristics (Crespo et al., 2007; European Food Safety Authority
(EFSA), 2006; Otter, 2016), even beyond concentrations achievable in
everyday exposure scenarios. Yet, a Reactome pathway enrichment
indicated alterations in processes associated with intermediary and
central energy metabolism and immune response across all sample types
analyzed (Fig. 7B). Given obesity as a metabolic disease characterized by
dysfunctional adipose tissue and low-grade systemic inflammation
(Valenzuela et al., 2023), this could indicate an amplification of these
dysfunctionalities upon exposure to DINCH.

The liver, being the primary site of phase I drug metabolism by cy-
tochrome P450 (CYP450) enzymes (Almazroo et al., 2017), shows an
apparent response to the chemical burden by an enrichment of pathways
related to the detoxification of xenobiotics in male mice (xenobiotics,
phase I functionalization of compounds, cytochrome P450 arranged by
substrate type; Fig. 7B). Interestingly, these pathways are not enriched in
liver tissues from female mice (Fig. 7B). Still, selected CYP450s,
including Cyp2c29, Cyp3all, Cyp3a25 and Cyp2b10, were found at a
significantly higher abundance in the treatment groups in male and fe-
male mice (Supplemental Fig. 19). While diet-induced obesity did not
affect mRNA expression of Cyp2c29 and Cyp3all levels in C57BL/6
mice (Wang et al., 2020), in agreement with stable protein abundance in
our data (HFD vs SD; Main Supplemental Files), the exposure towards
xenobiotics commonly increases the expression of CYP enzymes through
activation of nuclear receptors (NR) such as the aryl hydrocarbon re-
ceptor (AHR), constitutive androstane receptor (CAR) or pregnane-X-
receptor (PXR) (Hakkola et al., 2018). Increased protein levels of
Cyp2c29 and Cyp3all were shown following exposure to NR-activating
azole fungicides in C57/B16 mice (Hammer et al., 2021) and in
phenytoin-induced models of liver injury in C57BL/6 and C57BL/6J
mice (Hagemeyer et al., 2010; Sasaki et al., 2013), implying that high-
—level DINCH exposure causes liver injury by a similar mechanism,
possibly through NR mediated transcription/translation of Cyp2c/
Cyp3a members.

Adipose tissue integrity of brown, visceral and subcutaneous depots
indicated the enrichment of pathways associated with central meta-
bolism (BAT, VIS and SC AT), translation (BAT) and cellular stress (VIS
and SC AT) that were enhanced upon exposure to DINCH (Fig. 7B). This
is in contrast to results from differentiated human subcutaneous SGBS
adipocytes, which showed a decreased median abundance of central
metabolic pathways at the protein level after exposure to mid-range
concentrations of MINCH (uM) as the primary metabolite of DINCH
for eight days (Schaffert et al., 2022). However, several studies
demonstrated the potential of MINCH (uM) to induce adipogenesis in rat
stromal vascular fraction (SVF) preadipocytes (Campioli et al., 2017),
SGBS preadipocytes (Goerdeler et al., 2024; Schaffert et al., 2022) and 3
T3-L1 fibroblasts (Bereketoglu et al., 2024) at transcript, protein and
metabolite level, thereby increasing the cells metabolic capacity. Be-
sides differentiated adipocytes as the dominant cell type, the fraction of
SVF cells is harbouring adipocyte progenitors, vascular and immune
cells, among others, reflecting adipose tissue cell type heterogeneity
(Maniyadath et al., 2023; Massier et al., 2023). Both findings could be
covered in the results of this study, as a bulk proteome analysis of the
whole tissue cannot distinguish between the different cell populations in
adipose tissue, which means that cell type-specific responses to DINCH
exposure are not recorded. Yet, the enrichment and increased abun-
dance of central metabolic pathways upon dietary DINCH exposure
might indicate a difference between in vitro and in vivo data, with its
systemic connectivity and variety of cell types involved. In addition, the
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ability of pharmaceuticals and environmental chemicals to modulate
NRs such as PPARy can differ between model species (Garoche et al.,
2021), potentially causing the observed discrepancies between studies.

Regulated and consistently significant candidates from the serum
proteome analysis were primarily assigned to the immune system and
adipose tissue secretory origins, indicating those as important sites of
DINCH effective (Fig. 7D). In addition, VIS and SCAT of
DINCH-exposed mice displayed a reduction in the interleukin-12 (IL-
12) signalling pathway (Fig. 7B), highlighting immune responses to be
involved during exposure. The reduction in tissue IL-12 signalling, as
well as the decreased levels of interleukin-1 alpha (IL-1a) and C-C
motif chemokine ligand 3 (Ccl3) in serum as pro-inflammatory cytokines
and chemokine (Fig. 7B and C), suggest an altered systemic inflamma-
tory state compared to HFD mice, potentially constructive for adipose
tissue function (Valenzuela et al., 2023). In confirmation of the model,
IL-1a was upregulated in the HFD- compared to SD-fed mice (significant
in males; Main Supplemental File), as described for endogenous oils of
human origin that were able to promote IL-1u release and foster the
recruitment of M1-like macrophages and neutrophils (Tynan et al.,
2014). Elsewhere, the knockout of IL-1a (Almog et al., 2019) and Ccl3
(Xu et al., 2021) in mice reduced their adiposity and steatohepatitis with
hepatic fibrosis, respectively, while preventing HFD-induced adverse
metabolic consequences. Conversely, the reduced levels could also be a
compensatory mechanism to counteract prolonged or chronic inflam-
mation. In apoptotic cells, IL-1a is retained chromatin-associated in the
cell’s nucleus without being released together with the cytoplasmic
contents (Cohen et al., 2010). Consequently, this might impair the im-
mune system’s ability to react and defend itself and pave the way for
infections or more severe metabolic disparities.

In male mice specifically, transforming growth factor-beta 1 (Tgf-p1)
levels were reduced, while interleukin-17A (IL-17a) levels were elevated
(Fig. 7C). This indicates a milieu of increased inflammatory activity and
a potential shift towards a pro-inflammatory phenotype (Adamopoulos
& Kuchroo, 2023; Biswas & Mantovani, 2010; Deng et al., 2024). Tgf-p1
is a dominantly immune cell-derived Tgf-p isoform and pleiotropic
plasma cytokine (Prud’homme, 2007) that was identified to be integral
for T-helper-17 (Th17) development (Mangan et al., 2006). While the
reduced levels of Tgf-pl reported here (Fig. 7C) do not necessarily
support the observed increase in Th17 secreted IL-17a, a model of diet-
induced obesity indicated the expression of Acaca, with its gene product
acetyl-CoA carboxylase 1 (Accl), to induce Th17 cell differentiation and
increase IL-17a levels (Endo et al., 2015). This, in turn, goes well along
the findings that metabolic pathways, including fatty acid metabolism in
which Accl is decisively involved, were found positively enriched in
adipose tissue of mice after dietary DINCH exposure (Fig. 7B), thereby
enhancing the HFD-induced phenotypes. The increase in IL-17a
following dietary DINCH exposure agrees with data on the endocrine
disruptor bisphenol A (BPA), whose exposure correlated with IL-17a
levels in human subjects with obesity. In addition, this relation was
confirmed in a DIO mouse model of C57BL/6N mice that exhibited
increased IL-17a levels after dietary BPA exposure (Hong et al., 2023).
The effects specific to male mice possibly relate to the more pronounced
establishment of the obesity mouse model in male compared to female
mice (Fig. 1B and Q).

In summary, the serum proteome revealed a complex picture of the
inflammation and immune system-related changes induced by DINCH
exposure, emphasizing the ability of DINCH to influence systemic
processes.

5. Conclusion

Our study underscores the critical need to evaluate the physiological
and functional impacts at the molecular level when assessing the
metabolism-disrupting potential of chemicals. Concentration analysis of
DINCH-exposed C57BL/6N mice confirmed that both DINCH and its
metabolite, MINCH, were present in liver and adipose tissue, with
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evidence suggesting possible bioaccumulation of DINCH in adipose tis-
sue, as indicated by elevated levels following recovery. Phenotypic
analysis revealed no significant increase in body weight, adipose tissue
mass, or alterations in the distribution of lean and adipose tissue,
consistent with existing approval studies that report no weight-
promoting effects of DINCH treatment. However, detailed metabolic
characterization revealed sex-specific effects: female mice exhibited
reduced whole-body insulin sensitivity and elevated triglyceride levels,
while male mice showed an altered insulin/C-peptide ratio and elevated
cholesterol, HDL, and LDL levels. Proteomic profiling of serum and tis-
sue proteins further identified alterations in pathways associated with
central energy metabolism and immune responses, particularly high-
lighting changes in systemic inflammatory state induced by DINCH
exposure. In conclusion, the observed sex-specific effects on insulin
sensitivity, lipid metabolism, and inflammatory processes, along with
potential bioaccumulation, should be considered in future risk assess-
ments of DINCH and other potential metabolism-disrupting chemicals.
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